Introduction
The success of grasses and clovers as pasture species is largely attributable to their morphology, which ensures that a substantial proportion of growing points remain below the level at which animals normally graze. Clover and other legumes also increase fertility by fixing nitrogen (N), which is transferred by the grazing animal (in the form of dung and urine) to the soil and made available to companion species, such as high-N-demanding forage ryegrasses.
The obvious advantages of a grass-legume relationship are not, however, easily realized to the full in agricultural practice because it can be difficult to maintain a favourable balance between the two species. The selective effects of differential defoliation, fertilizer applications (particularly N), animal excreta, environmental stresses (such as low temperature and drought) and pests and diseases may all have an impact on the relationship.
The purpose of this chapter is to examine the factors most likely to influence the dynamic grass-legume relationships in established pastures. Attention has necessarily been focused on the economically important ryegrass-white clover mixtures and on work conducted in the British Isles and New Zealand (with their different seasonal growth patterns and management practices). Reference has also been made to supporting Australian observations on subterranean clover (a winter-growing annual) where this is appropriate. The intention is to use these studies to show how the results obtained may provide answers not only to the essentially agronomic questions originally raised but also to more fundamental questions about the factors that control grass-legume relationships and, in particular, about the role of N in this relationship.
White clover (Trifolium repens L.) probably originates from the eastern Mediterranean (Duke, 1981) and seems to have been commonest in fairly open habitats, while perennial ryegrass (Lolium perenne L.), its commonest companion grass in agricultural practice, probably originated in southern Europe (Terrell, 1968) . The earliest written record of its use in UK pastures comes from the latter half of the 17th century (Beddows, 1967) . White clover produces prostrate branches (stolons), which, in suitably moist conditions, root at the nodes. Seed of Kentish white clover was being produced for use in UK pastures, again by the latter half of the 17th century (Whitlock, 1983) , while the presence of introduced white clover in Australian pastures was recorded in Sydney in 1857 (Davidson and Davidson, 1993) . Subterranean clover (Trifolium subterraneum L.) is a winter-growing annual that also produces prostrate branches, but these do not root at the nodes. It has a well-documented history, having first been observed growing in the Mount Barker region of South Australia in 1887 by Amos Howard, who, noting that it was well-nodulated and that stock were prepared to eat it dry or green, proposed its introduction into the drier areas of the continent (Davidson and Davidson, 1993) . It is most commonly grown with annual grasses, such as Lolium rigidum (Wimmera ryegrass) and Bromus mollis, or with volunteer species, such as Bromus rigidus, Hordeum leporinum, Vulpia myuros, Erodium botrys and capeweed (Arctotheca calendula) (Smith et al., 1972) . The perennial grass Phalaris aquatica also shows promise as a companion grass, but needs to be heavily grazed to reduce its soil moisture demand when subterranean clover is establishing (Dear et al., 1998) .
Ryegrass and white clover are both potentially fast-growing species characteristic of fertile situations. Tissue turnover techniques (Davies, 1993) indicate that the comparatively low percentage of white clover present in swards in spring (Evans and Williams, 1987) is not necessarily the result of a growth rate slower than that of ryegrass. Gross crop growth rates in pure white clover swards supplied with an élite mixture of Rhizobium strains reached just less than 200 kg ha −1 day −1 in the May-June period in the UK (Davies and Evans, 1982) . Maximum growth rates in well-fertilized perennial ryegrass swards in August-September were 190 kg ha −1 day −1 (Davies, 1971) , the difference between the two rates being very much in accordance with the expected differences in the daily radiation receipts. This serves to illustrate the very high growth potential of white clover, which in Western European practice is often seen (somewhat mistakenly) as the poor relation. Later sections will show that management, the location of the grass and clover leaves in the canopy and the overwintering capacities of grass and clover have more to do with poor clover performance in spring than their respective growth rates. Increased reliance on white clover as a N source in the temperate northern hemisphere has been greatly retarded by the lack of a sufficient understanding of the factors that control the grass-clover relationship and confused by the success of apparently similar management systems in the southern hemisphere.
Effects of Temperature and Moisture on the Growth of Grass and Clover
It is widely accepted that white clover grows less well than ryegrass at low temperatures, a conclusion based partly, at least, on the pioneering controlled growth room work of Mitchell and Lucanus (1962) . They found that white clover grew less well than ryegrass below 20°C and better at higher temperatures. Work of Woledge and Dennis (1982) has since shown that the photosynthetic responses of leaves of ryegrass and white clover to temperature are very similar, and that photosynthesis in both species was twice as high at 15°C as at 5°C. Leaf area expansion has, however, been found to be higher in ryegrass than in white clover when growing in simulated swards in a 10°C day/8°C night regime, rather than in a 20°C/15°C regime (Davidson and Robson, 1986b) . Clover seedlings both photosynthesize and grow very poorly in an 8°C/4°C day/night regime (Woledge and Calleja, 1983) . Such findings differ from the observations of Fukai and Silsbury (1977) , who, working with subterranean clover, showed that the photosynthesis of box swards was relatively temperature-insensitive; but concur with the observations of Woledge and Parsons (1986) , which showed that photosynthesis increased with temperature in ryegrass swards. The latter authors, however, also demonstrated that photosynthesis was only sensitive to temperature when the saturation deficit of water vapour was minimized, and concluded that photosynthesis was affected by relatively small saturation deficits. The temperature reactions of grass and clover are thus intimately related to their respective states of hydration, and further studies will need to focus on this aspect of grass and legume physiology. Clover is at greater risk of desiccation than its usual companion grasses in dryland conditions, in which its herbage production was found to be inferior to that of tall fescue and phalaris (Johns and Lazenby, 1973) . Its ability to control leaf hydration is also poorer than that of ryegrass and tall fescue, and a tendency towards incomplete stomatal closure has been noted in clover by Hart (1987) . Clark et al. (1999) showed that withholding water reduced the photosynthesis and growth in white clover to a greater extent than in ryegrass, and that ryegrass also showed a more positive response to rewatering. Clover can also exhibit morphological changes in relation to water stress: Thomas (1984) observed that, although drought reduced the amount of clover herbage harvested, it increased growth below cutting level, particularly in S184, a variety with small leaves and short petioles, in which regrowth after drought was greatly enhanced by this reaction. A similar reaction may account for the increase in clover content observed in untreated lawns in a dry summer. Thomas (1984) also noted that white clover root systems were more affected by drought when growing in mixture with ryegrass than they were in monoculture.
Further studies will need to take careful account of interactions between temperature, relative humidity and water-supply. There is also, in general, a pressing need for further side-by-side growth room comparisons both of grass and clover plants and of well-established grass and clover communities at differing levels of humidity, temperature and light (including intensities higher than those which were possible in the earlier studies). Naturally occurring ecotypes of similar provenance are likely to be of particular interest in such comparisons.
Drought can affect N 2 -fixation as well as root growth, and experiments on soybean (Djekoun and Planchon, 1991) showed that water reduction can bring about a marked limitation in the yield of soybean by impairing N 2 -fixation as well as photosynthesis, but recovery was slower in the former and seemed to be related to nodule mass. Later work, also in soybean, has indicated a significant correlation between sucrose synthase activity and apparent nitrogenase activity, which suggests that a stressrelated decline in N 2 -fixation could well be caused by a reduction in sucrose flow to the nodule through the phloem (Gordon et al., 1997) . A similar link between a reduced water-supply and reduced N 2 -fixation may well be found in clover.
Desiccation (or adaptation to an increased risk of desiccation) may also be important in relation to winter performance of clover relative to that of grass. This is evident in the report of Harris et al. (1983) of an instance in which cold winds, rather than low temperature, caused damage to white clover, but not to the associated ryegrass. Avoidance of desiccation may also, at least partly, account for the low and relatively protected position which clover comes to occupy in a mixed sward in winter (see section on seasonal growth). A full account of drought resistance and drought avoidance in white clover varieties of different origin can be found in Collins (in press).
Cold-induced injury in most plants is the consequence of severe cellular dehydration. Freezing tolerance, which involves membrane stabilization, is induced in response to non-freezing temperatures below about 10°C (Thomashow, 1998) , a process known as hardening. It is, however, only one aspect of the differences in winter survival that can be observed between hardy and susceptible varieties: others include resistance to wind and to snow cover and susceptibility to attacks from low-temperature pathogens (Eagles et al., 1997) .
Susceptible cultivars of both ryegrass and clover are often characterized by a loss of hardening during warmer periods, which may occur relatively quickly in comparison with the hardening process. Hardier varieties of grass and clover often have additional photoperiodic requirements that enhance hardening. For example, Juntilla et al. (1990) noted that hardening was enhanced by short photoperiods, while Eagles (1994) noted that the increased photoperiodic requirement of hardy varieties of clover prevented premature dehardening in response to periods of raised winter temperatures. Such mechanisms underlie the differences in stolon survival and in the capacity to expand leaves during milder periods in winter that were observed by Rhodes et al. (1994) in clover varieties of different provenances.
Canopy Development
The extent to which the grass-clover relationship is influenced by temperature and N is strongly dependent on the stage of development of the canopy. This is best considered as comprising three stages of variable duration:
1. Active increase in light capture. 2. Light capture and growth rate reach a maximum. 3. Maturation, during which processes such as selfthinning (Kays and Harper, 1974) and/or programmed leaf senescence (Davies, 1971 ) are initiated and net dry matter increase terminates. Annual plants (such as subterranean clover) set seed and die.
The effects of temperature and N (both of which affect leaf area expansion) depend on the stage of canopy development. Before the canopy closes, the species with the highest rate of leaf area expansion will increase its share of the light intercepted at the expense of its competitor(s), but, once a closed canopy is present, temperature and N may cease to affect the share of radiation received or the crop growth rate. This principle is well illustrated in studies of subterranean clover communities conducted by Cocks (1973) , which show that crop growth rates increased with temperature when LAI (leaf area index) was less than 3 cm 2 cm −2 of ground area, but not thereafter (the response to raised temperature actually became negative at LAI > 5.5, since the plants matured and set seed faster at the higher temperatures). Fukai and Silsbury (1976) , also working on subterranean clover, found that temperature ceased to affect the rate of dry matter production when the canopy closed (before canopy closure, high temperatures increased leaf expansion and photosynthesis, so that maximum crop growth rate was attained sooner). Net carbon dioxide exchange at 250 W m −2 light intensity increased only up to LAI = 3 (Fukai and Silsbury, 1977) and daily net production (at low light levels characteristic of midwinter) was better at low temperatures. Relative humidity effects cannot, however, be excluded.
The same temperature insensitivity was observed in closed canopies of ryegrass and white clover in controlled conditions. Measurements of photosynthesis made by Davidson and Robson (1984) confirmed that clover fixed at least as much carbon per unit leaf area as ryegrass and that it was able to maintain its favourable position in the canopy in both warm (20/15°C) and cool (10/8°C) conditions. Point quadrat measurements demonstrated that clover leaves were concentrated in the upper sward layers and radiocarbon studies (Dennis and Woledge, 1985) showed that clover photosynthesized at least as well as ryegrass at equivalent height.
Investigations on the effects of N on the grass-clover balance in the established canopy have similarly revealed that photosynthesis per unit leaf area in white clover was at least as high as in ryegrass, even at higher N levels (Davidson et al., 1986) . Clover dry weight was the same in low-and high-N situations, and the clover percentage in the low-N treatment was actually increasing, because of the greater specific leaf area of clover. Field studies, again conducted by Davidson et al. (1986) , confirmed that white clover and ryegrass had similar relative growth rates in the presence of N fertilizer, while white clover grew faster than ryegrass when no N was applied. This situation is likely to arise in low-N conditions when much of the N supply is being derived from N 2 -fixation and grass cannot acquire enough N for maximum growth.
To sum up: a critical stage in the grass-clover relationship occurs during canopy development, when differences in the capacity to expand leaf area at lower temperatures/higher N levels change the share of radiation received by the clover.
Nitrogen applied before the canopy closes not only stimulates the expansion of grass leaves: it also increases tiller numbers relative to clover growing points, and the impact of this carries through to later regrowths. Table 4 .1 shows the effect of two applications of 50 kg N ha −1 during the course of a period of 8 weeks of regrowth (compared with unfertilized controls) was to shift the ratio between numbers of growing points and numbers of tillers entering the next cycle of regrowth in favour of the latter. An additional effect of N fertilizer is that it reduces transmission through grass leaves, particularly in the red region of the spectrum (Fig. 4.1) . Light reflected from N-fertilized grass on to the more horizontally orientated clover leaves below is also deficient in red light and may provoke shade avoidance reactions (such as increases in petiole length and decreases in branch production). Neighbour avoidance reactions in response to changes in the ratio of red to far-red light have been observed by Ballaré et al. (1990) in Sinapis alba and Datura ferox and by Novoplansky et al. (1990) in Portulaca. Conversely, observed differences in the reactions of clover stolons growing into different grass species (Turkington et al., 1991) may relate to the capacity of these species to transmit more red light or to reflect less infra-red light.
Changes in the relative numbers of grass tillers and clover growing points brought about by previous alterations in mineral N supply have the potential to carry through to further regrowths so that the effect of N on the grass-clover relationship is potentially long-lasting (even when much of the N has been removed by subsequent defoliation).
Another situation in which clover is placed at a potential disadvantage arises when day length decreases and temperatures fall. Clover petioles shorten in response to reduced day length (Eagles and Othman, 1986; Juntilla et al., 1990) : maximum petiole lengths in young spaced plants of white clover occur in the May to September period (Davies and Jones, 1992) . Similar responses in ryegrass are constrained by the length of the sheaths through which the new leaves must emerge (Davies 66 A. Davies , 1983) , so that grass leaves and sheaths can remain long if the swards are not defoliated in autumn. The result is that clover may come to occupy a relatively low position in the canopy, where it is unable to compete effectively for light. A relatively mild winter preceded by a final defoliation in September was found to result in the almost complete disappearance of the white clover by the following spring (Davies, 1998; Fig. 4.2) : earlier studies in colder winters indicated much smaller differences between autumn managements. Work by Woledge et al. (1990) has similarly indicated a greater decline in clover percentage in the warmest of three winters and has shown that the low rate of photosynthesis per unit leaf area relative to that of ryegrass at this time of year is linked to the relatively low position of clover in the canopy, which resulted in greater shading by the ryegrass. Clover height fell from 8.6 cm in November to 2.4 cm in February, while ryegrass fell from 8.0 to 5.6 cm and not at all in the mild winter of 1987/88. It is therefore evident that (in the absence of defoliation) differing height responses of grass and clover to winter temperatures can result in clover suffering severe competition for light. Since more grass leaf than clover leaf is present in the upper layers of the sward in spring, it is not surprising to find that spring defoliation can be beneficial in terms of clover content (Davies and Evans, 1990 ; Table 4 .2). The removal of a greater proportion of leaf from the taller-growing grass allowed the shorter and relatively less severely defoliated clover to increase numbers of growing points relative to tiller numbers during the period before the sward closed and the production of both tillers and growing points ceased. N application in this experiment stimulated grass growth and (except in the case of the February defoliation, when rain and snow may have resulted in the loss of the applied N by leaching) reduced or prevented the benefit of spring defoliation to clover. Dry weights of clover stolon in June in fertilized plots were, on average, doubled by defoliation in spring; differences in stolon weights in unfertilized plots were not significant.
A similar outcome was reported by Laidlaw et al. (1992) , who showed that out-of-season grazing by sheep (especially when a March grazing was included) could increase clover content and numbers of growing points later in the season.
It can be concluded that the risk to clover of increased competition from ryegrass is greater in any circumstances that promote increases in ryegrass growth (including leaf extension and the production of new tillers) without having a similar effect on white clover and the number of growing points. It has been shown that these included not only N supply but also the differing effects of seasonal change, probably day-length-mediated, on the location of grass and clover leaves within the sward, and on the interactions between season, N and defoliation.
Leaf Area Distribution -a Modelling Approach
It is evident from the previous section that the way in which the leaf area of clover and grass is distributed in the sward strongly influences their competitive relationship, and a summary of the best available evidence on the seasonal changes in leaf area distribution of ryegrass and white clover is presented in Fig. 4 .3.
The interaction of such changes with defoliation, defoliation regimes and the choice of varieties can be aided by mathematical models, such as that recently developed in Wageningen (Nassiri Mahalatti, 1998 ).
In the model the leaf area distributions of grass and clover varieties were effectively represented by triangular leaf area density functions having different heights of maximum leaf area density. A variable dispersion factor for each species was combined with a fixed species-dependent light extinction coefficient to simulate departures from random dispersion. Calculations showed that in the absence of N fertilizer clover captured a significantly higher proportion of photosynthetically active radiation (PAR) than its share of the LAI would indicate and that this was related to the pattern of its leaf area distribution within the canopy. Experiments showed that the addition of N fertilizer greatly increased the propor-68 A. Davies   Table 4 .2. Clover content in relation to date of cut in spring and to N status (data derived from Tables 2  and 4 in Davies and Evans, 1990 Davies, 1996.) tion of the grass leaf area in the upper layers of the canopy and that, in such circumstances, a clover variety with long petioles (Olwen) was better able to maintain dry matter production than one with short petioles (S184). In swards that are defoliated frequently the risk of shading in a pasture variety such as S184 is offset by a decreased risk of defoliation, and this point will be dealt with in the next section; for the moment, it is sufficient to conclude that the way in which the leaf area of a legume is distributed in the sward and the factors which alter that distribution have a major impact on its chances of survival, and on the grass-clover relationship as a whole.
Morphological Changes in Grass and Clover in Relation to Season and Management and their Impact on the Relationship between Grass and Clover
The aim of this section is to examine data relating to the growth and survival of clover stolons in grazed swards and to highlight the vulnerability of clover in circumstances in which extended periods of close grazing restrict the development and maintenance of an effective stolon network. A series of experimental observations, made in New Zealand in the 1980s, allow useful conclusions to be drawn about the effects of seasonal variation (in temperature, light and moisture supply) and management on stolon growth and death, and the consequences in terms of root and branch production and survival. Moreover, comparisons of New Zealand and UK findings enable some general principles to be developed about the limits of sustainability of an effective clover presence in relation to different management practices. The managements compared in the New Zealand studies, which were representative of those operating in practice, were set-stocking with sheep (SSS) and rotational grazing using either sheep or cattle (RGS or RGC). The effects of transferring sheep from a set-stocking regime (until drafting) to a rotational regime were also investigated (SSS-RGS). Most of the observations on grass were made on the ryegrass component. Seasonal changes observed in clover growth may help to indicate potential stress periods. The maximum amount of surface stolon was observed in the period extending from just after midsummer through to late autumn . Stolon extension rates were lowest in winter (Chapman, Dec. 1985 Feb. 1986 Mar. 1986 Jun. 1985 Aug. 1985 Oct. 1985 Jul. 1985 Leaf area index Woledge et al., 1989 Woledge et al., , 1992 1983). Weight per unit length of stolon decreased from 0.57 g m −1 in the autumn to 0.37 g m −1 in spring, and this was coupled with an increasing amount of stolon burial, associated with treading and worm-casting in wet soil. There were obvious signs of stolon decay in spring, when stolon weight reached a minimum . Chapman (1983) observed that patterns of root and branch development showed seasonal differences. Branches developed on 27% and roots on 18% of nodes in summer; values were less than half of this for branches in winter and very few nodes developed roots. These studies seem to indicate that the cooler half of the year is stressful for clover and show that the potential exists for clover to lose ground relative to ryegrass over this period. Critical comparisons with the situation in the grass companion are, however, lacking, largely because of the labour involved in incorporating the number of measurements needed.
Rotational grazing by cattle has been found to favour clover, whereas the constant presence of sheep on pasture results in a low clover content. Calculations of maximum elongation rates made by Chapman (1983) showed that stolons had the potential to explore distances of 29 (SSS), 40 (RGS) and 71 cm (RGC) within the sward in a year; mean elongation rates suggested that the actual extent of stolon movement in these three grazing systems would have been about 5.4, 7.8 and 13.2 cm, respectively. Stolon dry weights for the treatments SSS, RGS and SSS-RGS averaged out at 268, 292 and 323 g m −2 and numbers of growing points at 3186, 2640 and 2927 m −2 , while tiller numbers were twice as high in SSS as in RGS. In contrast, stolon dry weights in cattle-grazed swards (RGC) were three times as much as in SSS and a greater proportion of the stolons in the SSS treatment was buried. The percentages of clover in the RGC and SSS treatments were 19 and 8.5%, respectively (Hay, 1983) . Rotational grazing by cattle thus clearly favoured clover, especially relative to the effect of SSS.
When the rotational grazing intervals exceeded 21 days, the interval between defoliations was greater in RGS than that observed in the SSS treatment in all species (Chapman et al., 1984;  Table  4 .3), but it is important to stress that, although defoliation intervals varied (and more leaves were grazed in the RGC treatment in the colder months), the total amount of leaf removed was approximately the same in all three managements. These observations led Chapman (1986) to conclude that 'despite high stocking rates none of the managements are likely to have restricted assimilate supply through excessive leaf removal as leaves were able to export assimilate for an estimated mean period of 15-17 d[ays] before being removed'. This conclusion, which was to influence the direction of Chapman's future work, needs to be borne in mind when making comparisons between the extent of leaf removal in New Zealand managements and UK continuous sheep-grazing systems.
The radiocarbon studies that were subsequently conducted by Chapman et al. (1990) showed that very young leaves are sinks for photosynthate. Rates of photosynthesis equalled rates of respiration when leaflets were clearly separated and each leaflet was approximately 10% unfolded. This stage is equivalent to 0.6 on the Carlson scale (Carlson, 1966) .
Defoliation increased the percentages of 14 C moving to the parent stolon apex from younger nodes. As the developing leaf proceeded to full expansion, carbon was again exported, principally to the apex and stolon, while most 14 C moving to the roots went to older, nodulated roots (Chapman et al., 1991) . Stolon and root production depend on the maintenance of sufficient mature leaf tissue to be able to sustain this export.
Studies in continuously grazed UK swards present a completely different picture. Here the use of sward height guidelines (Hodgson et al., 1986) , which have been applied to ryegrass-based swards,
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A. Davies places very considerable pressure on the clover component. Although differences in the proportion of dry weight utilized in the form of grass leaf and clover leaf plus petiole in continuously grazed swards, stocked to maintain sward height at 4-5 cm, were minimal (both averaged out at 50% over 3 years of observations), the proportion of leaf lamina produced which was eaten was greater in clover (66%), indicating greater percentage utilization of photosynthetic tissue (Davies, 1990) . Such a difference would contribute to reductions in clover content in the longer term.
Observations made by Jones and Davies (1988) showed that the leaf complement (i.e. the number of leaves per growing point) was low in swards grazed to a height of 4-6 cm by sheep (1.14 leaves per growing point, a leaf being defined as one in which all midribs were exposed when seen from above). Measurements in boxed swards maintained at different leaf complements showed that stolon growth in particular was curtailed when all leaves at or beyond Carlson stage 0.6 (see p. 70) were removed twice a week. Stolon growing points in UK swards grazed continuously to 4-6 cm carry, at any one time, a mean of only one leaf with the midrib visible from above, and an appreciable population (17%) have leaves at an earlier stage of development or no leaves . This contrasts markedly with the more lenient New Zealand managements, in which stolons were found to support 2.49 SSS, 2.78 RGS and 3.05 RGC leaves per stolon (see Table 4 .3). The UK sward height management guidelines clearly represent a much more severe defoliation regime than those imposed by the New Zealand feed-budgeting systems (Milligan and Smith, 1984; Shoati et al., 1987) and have a correspondingly greater effect on clover survival.
The difficulty of maintaining a good stolon network over the course of time is reflected in the phenomenon of clover 'crashes', i.e. major reductions in clover content, which typically occur after 3-4 years in the late summer or autumn (Fothergill et al., 1996) , though they have been observed earlier in the life of the sward . The predisposing factors seem to be a high clover content and a high overall level of productivity, and the management response has been to increase stock numbers to maintain the prescriptive sward height. The impact of this on the clover component of the sward differs from that on the grass. In clover, the reduction in the mean leaf complement and the constant demand on stored stolon metabolites result in the breakup and fragmentation of complex stolon systems into much smaller and less complex plant units (Fothergill et al., 1997) . These units, deprived of their maternal support system, may be defoliated too frequently to sustain sufficient leaf area for survival. Leaf death is also likely to be increased by the greater risk of treading in heavily grazed swards (see pp. 73-74).
At least two factors place grass at less risk. First, treading in ryegrass has the effect of breaking up leaf sheaths and facilitating the growth of short tillers (Davies et al., 1983) . Secondly, the more fibrous grass leaves are better able to resist damage from treading and urine scorch than clover leaves (see p. 73). Other factors related to increased grazing pressure may well be identified by closer comparative examination of changes in the amount and character of grass and clover residues.
Indications of the need for remedial action to restore clover content include a marked absence of complex stolon networks (M. Fothergill, personal communication) and a heavy preponderance of short internodes, but more research will be needed before effective practical guidelines can be confidently drawn up to avoid or amend the situation. Staggered sowings, with half the clover seed sown one year and half the next, show some promise (M. Fothergill, personal communication) in helping to avoid synchronization of stolon network breakdown, but are scarcely a practical solution; avoidance of resowing more than one area in a single year, however, seems a practical policy.
Utilization of clover to the extent observed in continuous grazing systems in the UK would rarely occur in less intensive systems in which stocking rates were lower (as in New Zealand systems) and/or grazing animals were free to range over a wide area. The key to increasing clover content is the introduction of a procedure likely to increase clover residues and leaf area at the expense of grass residues. A possible strategy involves the interpolation of a silage cut, which removes relatively little clover stolon but appreciable amounts of grass pseudostem. It also results in the continued production by clover of the large leaves developed in a silage crop. Table 4 .4 shows the results from a box experiment designed to investigate the effect of changing the height of defoliation of the matrix ryegrass plants on the size of petioles and leaves produced by the stolons of clover growing within the matrix. Five cuts were made at the rate of two per week. The results illustrate the capacity for petiole length and leaf size in white clover to respond independently to defoliation treatment. Petiole length responded rapidly to change in grass-cutting height, decreasing with a change from long to short cut, and increasing with a change from short to long (LL > LS; SS < SL). That is, petiole length changed in relation to current grass-cutting height. This effect occurred whether clover leaves were left intact or removed. In contrast, midrib length of the clover leaflets (a good indication of leaflet area) was related to the earlier grass-cutting height, being greater where early cutting height had been higher (LL > SL; LS > SS), and it remained about the same after the change in cutting height. Both petiole and midrib lengths were reduced if the clover leaves themselves were removed at the same time as the grass was cut.
Similar considerations apply when comparisons are made between clover leaves produced in continuously grazed swards and in swards allowed to proceed to a silage cut. Two weeks after the silage cut, the area per leaf in clover (averaged over four varieties) was found to be 3.76 times greater than the area per leaf in the continuously grazed control swards, i.e. the leaflet diameter had doubled, as had the weight of stolons per unit area (A. Davies, unpublished data). Sward heights did not appear to differ greatly. This uncoupling of leaf area, which is related to leaf complement (see above), from petiole length, which is related to light attenuation and light quality (see pp. 66-67), could, in the right circumstances, be a means of increasing the clover content of swards.
Although the introduction of an early conservation cut in mid-May into a continuous grazing regime has proved ineffective in increasing clover content, some limited success with a late conservation cut in late June was obtained by Barthram and Grant (1995) . A 7-week rest period, commencing on 7 May, resulted in a dramatic increase in clover percentage during that period, especially when grown with Aurora (an early ryegrass variety). The sheep were returned a few days after the cut in early July, but by September clover percentages were once again similar to the continuously grazed controls. Later silage cuts (imposed in the second harvest year after a rest period in early July-late August and incorporating a range of varieties) have met with greater success in terms of clover presence in grid squares (Gooding et al., 1996) and stolon weight per unit length (Gooding and Frame, 1997) . Early cuts in late May-early June, which were followed in the same way by a silage cut, were either of no benefit or markedly detrimental. This may possibly be related to the enhanced leaf extension rates characteristic of ryegrass in spring, which have been lost by mid-season (Davies et al., 1989) , but observations of the location of clover leaves in the canopy in the different treatments and of changes in populations of tillers and growing points would help to resolve the issue.
The cyclical fluctuations in clover content of UK swards (although a source of annoyance to farmers) are to some extent built into the underlying nature of the grass-clover relationship, at least in the shorter term. They are linked with the transfer of N from clover to grass, the increase in grass growth supported by this transfer and the relatively high proportion of clover leaf area removed in continuous grazing systems based on sward height. There are some indications that swards may, in the longer term, settle down to a more stable equilibrium (Turkington et al., 1991) , in which perturbations are less synchronized (see Schwinning and Parsons, 1996b) . LL, grass cut five times to 10 cm; LS, grass cut four times to 10 cm, then once to 2.5 cm; SS, grass cut five times to 2.5 cm; SL, grass cut four times to 2.5 cm, then once to 10 cm; O, clover leaves left intact; D, clover leaves removed.
The Impact of the Grazing Animal on the Grass-Clover Relationship
The grazing animal may affect the relationship between grass and clover in three ways:
1. By a grazing intensity such that the remaining herbage includes more of the leaf area of one species than the other. 2. By the deposition of dung and urine resulting in: (a) the creation of an uneven pattern of N distribution in the soil; (b) subsequent avoidance of recently contaminated areas. 3. By actively selecting clover-rich areas.
Although defoliation by animals not infrequently removes more clover than grass (see p. 71), it would be wrong to conclude that this is necessarily the result of active selection. Work by Milne et al. (1982) showed that sheep grazed clover and grass leaf and stem to the same height and that the increase in clover content of their diet compared with that of the sward could largely (> 80%) be accounted for by the difference in the pattern of distribution of the grass and clover components of the canopy. It may be that modification of this pattern by selection of appropriate grass and clover pair combinations could help to improve clover persistency.
Studies on the effect of different stocking rates in sheep-grazed swards illustrate the effects of overstocking on clover content (Curll and Wilkins, 1982) . Herbage on offer declined when stocking rates exceeded 35 sheep ha −1 and stolon removal at 55 sheep ha −1 accounted for two-thirds of the decline in stolon material. Clover percentage declined at the higher stocking rates (45 and 55 sheep ha −1 ) and on N-fertilized plots at all four stocking rates (Curll et al., 1985) , and it was shown that the herbage ingested by the sheep had a higher clover content than the herbage on offer. Parallel work (Curll and Wilkins, 1983) , in which grazethrough cages were used to assess the separate effects of defoliation (D), treading (T) and the return of excreta (E), showed that at a high stocking rate (50 sheep ha −1 ) clover content declined from 58 to 31% (D), 25% (D and T) and 18% (D, T and E). At the lower stocking rate of 25 sheep ha −1 , clover content rose to 75% (D), 71% (D and T) or declined to 45% (D, T and E). Treading and the deposition of excreta account for about 60% of the total animal impact on the white clover component of the sward. Heavy treading by sheep was found by Edmond (1964) to reduce clover more than ryegrass, but not necessarily more than timothy, Poa species or Agrostis species.
The effect of urine deposition can be particularly damaging, especially in dry conditions. Sheep and cow urine can kill subterranean and white clover; perennial ryegrass was found to be more resistant (Doak, 1954) . The photograph (Fig. 4.4) illustrates the effects of sheep urine applied at a volume per unit area similar to that observed in the field on the grass-clover balance of glasshouse swards 1 week after application. No such effects were observed if the urine was injected into the soil (Christophe Dassie, unpublished data), when the outcome was similar to that of an equal amount of N supplied in the form of fertilizer.
Cattle dung pats increase sward heterogeneity. The average diameter of a dung pat is about 25 cm and observations have shown that it takes about 70 days to disappear in a high-rainfall area (Bastiman and Van Dijk, 1975) . Dung pats can kill up to 75% of grass tillers and 95% of clover nodes within 25 days (MacDiarmid and Watkin, 1971) . The resulting bare patches may last for 6-12 months and provide fresh colonization sites for clover (Weeda, 1967) , which has been found to dominate old dung-pat sites for an average of 12-18 months.
Active area selection for clover patches in a sward by animals has been demonstrated in two experiments (both necessarily involving discrete areas sown to grass and to clover or to a grassclover mixture). In grass swards maintained at 7 cm by grazing, in which mixed grass and clover patches of different sizes and at different spacings had been established, Armstrong et al. (1993) observed that the percentage of clover in the diet of weaned lambs was always higher than the percentage in the plots. This was especially true on treatments with a low overall clover presence (< 5%), but represented four times the expected amount even when clover patches occupied 25% of the area. It should not, however, be forgotten that even this situation would be representative of a poor clover presence in practice. Animal preference is also modified by previous experience. Newman et al. (1992) showed that, when ewes were offered cut turfs of ryegrass and clover in seed trays, their preference depended on what they had been grazing previously; if it was ryegrass, they preferred clover and chose an intake which was 66-74% clover. If the reverse was the case, they took 0-22% clover (preferring ryegrass). Further studies by Parsons et al. (1994) on ewes grazing 0.25 ha swards containing 20, 50 or 80% clover after having previously grazed all grass, all clover or 50/50 grass/clover swards confirmed an initial preference for the opposite species to the one they had been grazing, but showed that this preference was short-lived, and the animals reverted to their earlier diet. Sheep on swards with different clover percentages had a greater proportion of clover in their diet than the proportion of clover in the sward, but this is not necessarily in conflict with the observation of Milne et al. (1982) (see p. 73) and may represent a choice of horizon rather than a deliberate search strategy. To sum up: sheep choose a height at which to graze such that they ingest more clover leaf than grass leaf. At the same time clover-rich areas are increasingly likely to be sought out by sheep if clover presence in the sward is low and its distribution is patchy. Both choices will tend to be disadvantageous for clover.
Mathematical Models
Mathematical models have been developed to aid understanding of the contribution of various processes in bringing about changes in clover content over the course of time. The model of clonal growth developed by Cain et al. (1995) incorporates an inverse relationship between stolon extension rates and neighbourhood density (based on observations of numbers of stolons with a proximal fully expanded leaf lying within neighbourhoods of 10 cm radius and on average rates of stolon dieback). Persistence in this model is critically related to patch size; stolon growth increased with density at low densities and decreased at high densities. The resulting pattern of patch dissipation over periods of 5-20 years was not, however, supported by field data, since observation showed that clover patches lasted for 1-3 years. Other variables, such as herbivory and N feedback, will need to be incorporated in future versions. A pasture model proposed by Thornley et al. (1995) has been developed by Schwinning and Parsons (1996a) to analyse the grass-clover relationships in grazed pastures. The key element of this data-based model is an N-based competitive trade-off between grass and clover; herbivory removes N from the pasture at large, but returns it locally and irregularly, creating a series of relatively short-lived (30-50 days) high-N patches, which become increasingly out of phase with each other. At the same time, widespread depletion occurs in the other areas, although some N returns to the soil as a result of tissue abscission and decomposition. The model assumes that abscised tissues have the same C and N content as equivalent living tissue. Herbivory is related to the relative abundance of grass and clover (and the fraction of clover preferred in the diet). Time delays in the feedback mechanisms that control population densities of grass and clover increase the tendency for these populations to oscillate.
The situation has been further explored in a spatial model by Schwinning and Parsons (1996b) , which examines the consequences of patch size oscillations in a grass-clover mixture. The model sward comprises cells that are grass-dominant or clover-dominant or contain grass only (at high or low N). Grass-dominant cells and grass/high-N cells 'age' due to N depletion; clover cells 'age' by N enrichment. Pure grass/low-N cells may be invaded by clover. The probability of urine application is incorporated and increases the period of grass dominance in the affected cell. Initial conditions and the magnitude of disturbances in soil N content dictate the time taken for the system to converge on a stable state, i.e. one in which there is a patchy distribution of clover at different stages in the cycle of depletion and accumulation of N. Clumped distributions, in which many cells are in the same phase, are created by reseeding or can occur as a result of major events, such as high winter mortality of clover or the application of N fertilizer in spring. This phase synchronization can result in field-scale oscillations of the kind observed in practice by Fothergill et al. (1996) .
Nitrogen Fixation in the Grass-Clover Relationship
The relationship between grass and clover is not, of course, based simply on their respective capacities to exploit and explore above-and below-ground resources, because the grass component stands to benefit from the N fixed by Rhizobium bacteria in the clover root nodules. These bacteria, which are present in soils as free-living organisms, attach themselves to the roots, causing the formation of infection threads along which the bacteria are carried to the cortical cells, where they become enclosed in the endoplasmic reticulum of their host. In this form they are known as bacteroids (Sprent and Sprent, 1990) . The host provides the energy and the hydrogen used by the Rhizobium to fix atmospheric N 2 in the form of ammonia. Relative energy requirements for N 2 -fixation and for utilization of combined N (N uptake) vary within and between species, the majority of experiments having indicated that fixation is less energy-efficient (Schubert, 1982) . Comparative studies of growth rates in subterranean clover (Silsbury, 1977 (Silsbury, , 1979 and of respiratory costs in white clover (Ryle et al., 1979; Haystead et al., 1980) seem to support this conclusion. Estimates of the costs vary, however, and there are numerous instances in which no differences can be demonstrated between N-fixing plants and those supplied with mineral N (Schubert, 1982) . This rather confused situation arises partly because Rhizobium strains vary in host compatibility as well as in N-fixing efficiency.
Host-Rhizobium interactions accounted for 74% of the variation observed in fixation in Vicia faba (Mytton et al., 1977) . Strains of Rhizobium vary widely in compatibility and performance (Fig. 4.5) , and they interact with clover cultivars. Some clover cultivars perform well with a wide range of Rhizobium strains, whereas the growth of others may be restricted (Mytton, 1996; Fig. 4.6) . Moreover, although the introduction of more energy-efficient strains is clearly a desirable objective, it is not easily achieved, since indigenous soil bacteria compete with introduced Rhizobia for nodule sites (Mytton and Skøt, 1993) . It should not be forgotten that Rhizobium bacteria reproduce in the soil, not in the legume, and that they follow an evolutionary trajectory that may have little to do with the fate of their leguminous hosts (by which they have, in effect, been hijacked). The grass-clover relationship will be subject to the availability of fixed N in the same way as it is to fertilizer N, though amounts released and the timing of their release will obviously differ (and may affect the outcome). (Mytton, 1996) . 'Restricting' rhizobia are able to prevent clover from making efficient use of soil N.
White clover can up-and down-regulate N 2 -fixation within 2-4 days in relation to the availability of mineral N (Davidson and Robson, 1986a) . The conclusion that nitrate affects fixation by decreasing the O 2 flux to the bacteroids was reached by Minchin et al. (1986) . Their observations showed that an increase in the oxygen diffusion resistance of white clover nodules when plants were transferred to a nutrient solution containing nitrate was associated with reductions in N-linked respiration (and N 2 -fixation). N fertilizer applications are normally high enough to result in inhibitory concentrations of nitrate in the soil solution and very high N also affects rhizobial infection (Streeter, 1988) . Defoliation reduces nodule dry weight per plant (Chu and Robertson, 1974) and actual losses of nodules were observed within 3 days of defoliation. N 2 -fixation ceases within a few hours of defoliation, but nodules can recover after a single defoliation (Gordon et al., 1990) . Too frequent defoliation results in the loss of nodules. The possibility that a N shortage might arise in this way and might contribute to the weakening and loss of clover plants from the sward cannot be dismissed.
There is no conclusive evidence to support the idea that low-temperature inhibition of N 2 -fixation limits clover growth in spring. The proportion of N derived from fixation in temperature-controlled experiments seems to be related to demand and falls when low temperature reduces that demand . Results obtained by Hatch and Macduff (1991) in flowing nutrient culture suggest that N 2 -fixation is less sensitive to low root temperature than the process of N uptake. Later results confirm that the down-regulation of N 2 -fixation when mineral N is supplied is actually partially inhibited by low root temperatures (Svenning and Macduff, 1996) . The observation that low root-zone temperatures inhibit the early stages of nodulation in soybean (Lynch and Smith, 1993) suggests that the problem might be one of restoring activity rather than of reduced activity at low temperatures. Field observations (M. Fothergill, personal communication) indicate that nodules are lost and the proportion of white inactivated nodules increases in winter, while replacement and reactivation are observed in spring. The extent to which growth of white clover in spring is limited by death and inactivation of nodules in winters of differing severity and the impact of this on the grass-clover relationship deserve further study.
Influence of Pests and Diseases
Competition between the grass and legume components of a mixed sward can be influenced by their differing susceptibilities to attack from the pests and diseases present in the environment in which they grow. Thus, although both white clover and ryegrass are susceptible to attack from root-knot and cyst nematodes, clover is susceptible to damage by Meloidogyne hapla rather than by Meloidogyne naasi (which attacks ryegrass) and to Heterodora trifolii rather than to Heterodora avenae, Heterodora mani or Heterodora bifenestra, which also attack ryegrasses. The stem nematode Ditylenchus dipsaci is confined to legumes and can cause severe damage to white clover, red clover and lucerne (Cook and Yeates, 1993) . Nematodes and slugs (Deroceras spp.) are widely distributed; reports from the UK and New Zealand indicate that slugs cause considerable damage to white clover in wet conditions (typically the September/October period in the UK) and least damage in cold and/or dry weather (Murray, 1991) . Mob stocking or heavy rolling are recommended as effective control measures.
The principal ryegrass pests and diseases seem to vary with geographical location more than those of clover. Typical UK ryegrass pests include leatherjackets (Tipula spp., especially T. paludosa), frit fly larvae (Oscinella spp.) and fungal diseases, such as crown rust (Puccinia coronata), leaf spot (Drechsleria spp.), Rhynchosporium, Pythium and Erysiphe (now Blumeria) graminis, while Fusarium culmorum is present both in the UK and New Zealand (Clements, 1994) . Pasture grasses in New Zealand are affected by Listronatus bonariensis (Argentine stem weevil), Wiscana spp. (porina) and Heteronychus spp. (black beetle) (Clements and Cook, 1996) .
The accidental transfer of pests and diseases from one geographical region to another has caused serious problems in New Zealand in the case of Argentine stem weevil, first recorded in 1927 (Prestidge et al., 1991) , and of Sitona weevil (S. lepidus) in white clover. Resistance to Argentine stem weevil in ryegrass is increased by the presence of Acremonium (now Neotyphodium), an endophytic fungus, but this endophyte has been found to have adverse effects on sheep performance. Progress is, however, being made in finding endophyte-free ryegrasses, which tolerate or resist stem weevil attack in other ways (Prestidge et al., 1991) . The Sitona weevil (S. lepidus) was first recorded on white clover in May 1994 (Barratt et al., 1996) and is a cause of concern to sheep farmers in particular. Sitona larvae feed inside clover root nodules or on root hairs (Murray, 1991) and have been shown to be capable of reducing N 2 -fixation to about half that of uninfected controls . Significant increases have also been observed in the N content of the companion ryegrass as a result of N losses from the damaged clover roots (Murray and Hatch, 1994) , with obvious implications in terms of increasing grass competition. White clover varieties with greater resistance to the weevils Sitona flavescens and Sitona lineatus have been identified by Murray (1996) .
Vulnerability to pests and diseases is often greater in establishing swards than it is in older swards (from which some of the most disease-prone genotypes will probably have disappeared). Most interventionist control measures are, in practice, concentrated on ensuring successful pasture establishment, and comparative measurements of the effects of remedial treatments on target and companion species are rare (Cook et al. (1992) is a notable exception). Preventive control includes the selection of new varieties with improved natural genetic resistance to specific pests.
Conclusions
Plant species that coexist are able to exploit the natural variation within a non-uniform environment more fully than a single species. Perennial ryegrass is a high N user; white clover fixes N, which returns to the soil either as plant debris or in the excreta from the animals at pasture.
Because of the practical importance of grassclover associations, they have been studied more extensively than most other species relationships, but they were scarcely the easiest choice as a model system. A number of lessons can, however, be learnt from the studies which have been carried out. Attention in earlier management studies to the effect of seasonal changes in the relative locations of leaves of the two species in the canopy might have been helpful, and the absence of even simple measurements of the relative heights of the two components in different systems and at different times of year has been (and still, to some extent, is) a particularly critical omission. Grass, if not defoliated well into the autumn, can overtop and virtually eliminate clover; strategic spring defoliation may allow it to increase.
In systems involving less frequent defoliation, such as rotational grazing, clover persists, moving from local high-N sites to proliferate in sites where light penetrates more freely. To do this it must, however, be able to accumulate sufficient leaf area to power exploration. New Zealand 'feed-budgeting' systems (Milligan and Smith, 1984; Shoati et al., 1987) permit this, but in productive UK swards continuously grazed to sward height guidelines clover is more heavily utilized and the resulting low leaf complements render plants prone to fragmentation and loss. Short internodes and the breakup of stolon networks are indicative of diminished survival prospects. The situation may even be aggravated by high late-summer clover contents, which lead to high growth rates and correspondingly high stocking numbers. These, in turn, increase the risk of damage from urine scorch and trampling. The interpolation of a silage cut later in the season removes most of the grass leaf and some pseudostem (together with a quantity of N) and benefits clover, in which most of the stolon is below cutting level. Should this fail to restore clover content, a return to rotational grazing is virtually certain to do so (Fig. 4.7) .
The unreliability of clover in UK systems from year to year and, in particular, the phenomenon of periodic clover 'crashes' has limited the acceptance of grass-clover systems as an alternative to grass-N systems. There are no easy fixes, but the taking of a silage cut in the later part of the summer is probably the best way of averting the problem, and graziers would be wise to check that clover plants are not becoming excessively fragmented and that the sward has not become dominated by plants with This chapter has highlighted a number of factors of importance in grass-clover swards that are likely to be of importance in grass-legume association in general. Nitrogen status is one of the most important driving forces, and increases in soil N (whether from fertilizer applications or urine deposition) lead to increases in grass growth and tiller production. Corresponding reductions in the proportion and quality of light passing through or reflected from the grass partner on to the lowergrowing clover create an environment less suitable for the development of branches from axillary buds. Increases in stocking rate to exploit a N-promoted increase in herbage production can compound the problem for clover by reducing the number of leaves per growing point to a level of photosynthetic unsustainability, at which the production of new growing points is severely curtailed and stolon dieback increases.
Insufficient attention has been given in the past to changes in the relative locations of grass and clover leaf areas in the canopy in relation to N, time of year and genotypes involved. Simple height measurements could help to identify situations and times of year in which the survival of white clover (or of other pasture legumes) might be at particular risk. Differences in the relative proportions of grass and clover leaf area and dry matter removed by defoliation at different times of year and in different variety combinations result in changes in the character and mass of defoliation residues which have an impact on sustainability.
The introduction of élite rhizobial strains with the capacity to fix N more effectively than existing or native strains would encourage less use of bag N and the N would feed through to the grass component less globally. Existing grass-clover models (see p. 74) could be used to assess the impact on system stability.
The same competitive influences operate both in agricultural swards and in the long-established and relatively stable associations which we would regard as natural, in which N-fixing and soil Ndependent species are accommodated at patch level. The differences between the two situations are of scale rather than of kind; areas of high and low pasture utilization and high and low N availability occur -and change their location over time -in just the same way in unfertilized swards grazed by rabbits and in agricultural swards.
Studies in pasture ecology (particularly in the last 20-30 years) have gone a long way towards providing reasons for the sustainability -and commercial success -of New Zealand grazing systems. The indications are that ongoing studies will continue to furnish information that will not only help to improve the sustainability (both ecological and economic) of grass-clover swards in farming practice under alternative systems of stock management but may also provide a useful blueprint for the study of grass-legume associations in general.
